The measurement of the surface topography in dynamic mode (intermittent contact mode) is one of the most popular ways of imaging surfaces at nanoscale with atomic force microscopy. It also allows obtaining so called phase images which reveal the viscous-elastic non-homogeneities of the surface, therefore can be used for detecting the presence of different materials. It is, however, very difficult to interpret the phase map due to the origin of phenomena, method of signal detection and processing. Therefore one cannot determine whether the observed feature is caused by increase or decrease of any of specific mechanical properties of the surface. In this article we present the modified setup of commercially available AFM, where detection of torsional oscillation of the cantilever is used for the determination of mechanical properties such as: elasticity, adhesion, peak force and energy dissipation. By advanced signal processing, the reconstruction of the force spectroscopy curve and the calculation of mentioned parameters are performed. All the operations are done in real time regime. The developed method allows one to obtain much more complex information about measured surface. Test measurement results are also presented. 
Introduction
Atomic Force Microscopy is one of the methods of imaging surfaces and structures at the micro-and nanoscale. It has been developing for more than two decades and offers wide spectra of measurement modes. Mostly due to direct tip-sample interaction one is able to detect specific * E-mail: sikora@iel.wroc.pl phenomena and determine certain properties of the material. One of the most popular measurement techniques is dynamic mode (intermittent contact, tapping mode), where the tip oscillates with the frequency near to its resonant frequency, perpendicularly to the surface [1, 2] . During every oscillation cycle it touches the sample for a certain time. When the attractive and repulsing forces are experienced, the oscillation amplitude of the tip is damped and can be used to maintain constant tip-sample distance and surface imaging [3] . Moreover, the phase shift between the cantilever excitation signal and scanning tip oscillation is related to energy dissipation during the single tap of the tip against the surface, therefore it can reveal variations of the viscous and elastic properties of the surface [4, 5] . It is, however, impossible to recognize which phenomena cause the change of the phase shift fluctuations and whether it was an increase or decrease of a specific parameter. One can perform comparison procedures in order to establish some relation between change of the properties and system response, but it cannot be used as a foolproof method in data analysis. Moreover, the response of the system depends on some settings of the system (tip oscillation amplitude, set-point), therefore it is challenging to perform all the measurements in precisely the same conditions in order to avoid any misinterpretation. The examples of unwanted features (artifacts) in phase imaging data are shown in Figure 1 . As the demand for more specific information about mechanical properties of the surface is constantly growing, one needs sophisticated methods to expand abilities of the diagnostic methods in order to obtain the desired data. In this paper we describe commercially available AFM setup with implemented mode of cantilever's torsional oscillation analysis [6] . By developing advanced signal processing, we have obtained the possibility of high resolution mapping of mechanical properties of the sample. It should be mentioned that similar information can be obtained using typical force spectroscopy measurement. However such mode delivers data only about a single spot on the surface [7] . Also the force-volume mode [8] , which allows one to create maps of mechanical properties, is available, but it delivers only low-resolution results due to the time required to perform the measurement. The only similar functionality is delivered by Harmonix mode [9] offered by Veeco. However its accessibility is limited only to new products with NanoScopeV controller.
The idea of the utilization of torsional bending of the cantilever
In order to make the determination of certain mechanical properties of the surface possible, we have implemented the method of the torsional bending of the cantilever analysis. This method allows one to perform the reconstruction of the force spectroscopy curve using data acquired every cycle of the cantilever's oscillation. In order to obtain the signal to perform the reconstruction, one must detect the torsional oscillation of the cantilever (Fig. 2) . Longitudinal mechanical spectra show the presence of resonances, which make detection of usable signal in wide bandwidth (up to 1 MHz) impossible (Fig. 3 ) [10] [11] [12] . Therefore, the use of the transverse bending of the cantilever is an optimal solution because up to 1 MHz there is no mechanical resonance and one can acquire such signal and perform specific operations in order to obtain a desired result. 
The measurement setup
The setup used the commercially available AFM system Innova from Veeco. One of the modes offered in the basic setup is the tapping mode, which was used in this work. An additional feature, which allowed synchronization of the NanoDrive controller and external hardware by generating pulse signal at every scanning point, was used as well. In order to make the torsional bend of the cantilever detection possible, it was necessary to perform changes of the scanning head's internal signals connection. Unfiltered (TR+BR)-(TL+BL) signal was connected to the high bandwidth and high sampling ratio (60 MS/s) sampling card in PXI system (National Instruments). The 12-bit resolution of A/D conversion was sufficient for further signal processing and interpretations. The simplified diagram of the modified setup is shown in Figure 4 .
The "NanoSwing" software was developed in LabView 2009 environment. Due to implementation of pixel-signal synchronization, it worked simultaneously with AFM control software -SPMLab. After the signal acquisition by the ADC card, the data sets were stored in its internal memory, where low-pass filtering and deconvolution of optical signal detection system's bandwidth were performed. As a next step, the obtained data were transferred to the central processing unit of the PXI module, where further processing, including digital filtering and time domain data conversion into distance domain, was performed. Due to complexity of the data processing algorithm, it is not possible to describe it in detail in this paper; however the general approach was the same as described Sahin et al., including DMT model fitting [9, 13] . Subsequent steps of data processing are illustrated in Figure 5 . The first graph presents raw signal after A/D conversion, the next graph shows the way the processed signal looks (two different signals acquired in various spots are presented), and finally, two different reconstructed force curves are shown.
Finally, reconstructed force spectroscopy curve was analyzed [13, 14] by other functions in order to obtain a set of mechanical properties of the surface: elasticity, peak force, adhesion, energy dissipation for deformation and energy dissipation for tip-sample separation. The relation between listed properties and shape of reconstructed force spectroscopy curve is shown in Figure 6 .
Due to various properties of the structures, one can decide how wide the analyzed spectra of the signal should be. One should be aware that hard materials require wider sampling bandwidth than soft ones. This factor, as well as the number of averaged cycles, can be changed by the user of the software. It should be mentioned that before the measurement, one should apply appropriate settings of the setup (tip oscillation amplitude, setpoint) in order to obtain reasonable reconstruction of the force spectroscopy curve. Otherwise the extraction of desired information is not possible. Therefore the additional function of the software was developed, which provides the view of acquired signal spectra, time domain filtered signal as well reconstructed force spectroscopy curve [15] . It should be emphasized that by applying the averaging of reconstructed force curves, one can obtain more reliable data (as it is done in typical force spectroscopy curve measurements). The designed software allows one to save data of reconstructed force spectroscopy curve in order to perform further detailed analysis. This feature is particularly important when one is investigating material with more complex force curve than presented in Figure 6 .
All operations are performed in real time regime, therefore complete imaging with resolution 256 × 256 points can be performed in 16 minutes. In order to accomplish all the operations of filtering, deconvolution and conversion for every pixel (less than 14 ms of time), advanced parallel processing features were used. Those features were allowed to run up to four different multi-function blocks simultaneously processing data stream. The screenshot of the main screen of the software is presented in Figure 7 . 
Measurement results
A number of the measurements were performed in order to test the setup. During the measurement, a commercially available cantilever designed for such measurement as HMX (from Veeco) was used (resonant frequency -59.4 kHz). Examples of the measurement results are shown on Figure 8 . A commercially available sample was used: a blend of polystyrene and polyolefin elastomer (ethylene-octene copolymer) deposited on a silicon substrate with spin-cast method. The PS regions of the sample have elastic modulus numbers approximately 2 GPa, while the copolymer regions have elastic modulus numbers approximately 0.1 GPa. Although the pictures look similar, the comparison of the distribution of measured values show significant differences in peak proportions, heights and positions (Fig. 9) . The topography picture shows the surface containing round, elevated objects. Basing on additional information (elasticity), one can easily identify the surrounding material as polystyrene (stiffer) and the grains of copolymer (softer). Respectively, the adhesion is lower in case of polystyrene and higher in area of copolymer grains. Additionally, we present the maps of the peak force obtained during measurements with different set-point values (Fig. 10) . For higher value of the set-point, we can observe a smaller peak force values than in cases of increased tip-sample force (smaller set-point) when the amount of force acting between tip and sample is smaller. Obtained results confirmed appropriate reconstruction of the distance-force curve. 
Summary and outlook
In this article we presented the implementation of advanced signal detection and processing of torsional bending of the cantilever, which allowed us to perform high speed, high resolution mapping of the mechanical properties of the surface. Developed hardware and software extension of commercial AFM measurement system significantly improved the possibilities of investigating different materials. The obtained map of: topography, elasticity, adhesion, peak force and energy dissipation facilitates the study the structure of non-homogenous materials, where ingredients can be identified if having a certain property different from the others (for example elasticity). Moreover, if necessary, one can save the reconstructed force curve obtained in a certain spot of the scanning area and analyze it more carefully. The presented solution is a competitive measurement technique with typical force spectroscopy or force volume modes, as it offers much more information obtained within acceptable time. It also delivers more functionality (more information) than Harmonix mode offered by Veeco. The presented solution can be implemented on many AFM systems, where one can obtain access to the unprocessed signals (in analog or digital way) of all sections of the quadruple photodetector. Further work will be performed in order to develop calibration procedures which would allow one to obtain quantitative information such as the elasticity of the surface.
